In anorexia nervosa (AN), body distortions have been associated with parietal cortex (PC) dysfunction. The PC is the anatomical substrate for a supramodal reference framework involved in spatial orientation constancy. Here, we sought to evaluate spatial orientation constancy and the perception of body orientation in AN patients. In the present study, we investigated the effect of passive lateral body inclination on the visual and tactile subjective vertical (SV) and body Z-axis in 25 AN patients and 25 healthy controls. Subjects performed visual-and tactile-spatial judgments of axis orientations in an upright position and tilted 90u clockwise or counterclockwise. We observed a significant deviation of the tactile and visual SV towards the body (an A-effect) under tilted conditions, suggesting a multisensory impairment in spatial orientation. Deviation of the Z-axis in the direction of the tilt was also observed in the AN group. The greater A-effect in AN patients may reflect reduced interoceptive awareness and thus inadequate consideration of gravitational inflow. Furthermore, marked body weight loss could decrease the somatosensory inputs required for spatial orientation. Our study results suggest that spatial references are impaired in AN. This may be due to particular integration of visual, tactile and gravitational information (e.g. vestibular and proprioceptive cues) in the PC.
Introduction
Key symptoms of anorexia nervosa (AN) include (i) disturbance in the way in which one's body weight or shape is experienced, (ii) an undue influence of body weight or shape on self-evaluation and (iii) a persistent lack of recognition of the seriousness of low body weight; in fact, AN patients perceive themselves to be larger than they really are [1] . This alteration in body perception may relate to various levels of representation, such as the body schema and the body image [2] . The body schema is a dynamic, unconscious, sensorimotor representation of the body that is built on the basis of tactile, kinesthetic, visual and labyrinthine inputs. It is elicited by action, regardless of whether the latter is imagined, anticipated and/or executed [3] [4] [5] . The notion of body image is more complex and concerns not only perceptual representations of the body but also semantic, aesthetic and emotional aspects that are not used for action per se [2, 4] .
Most of the studies in AN to date have focused on cognitive and emotional aspects of body image [6] [7] [8] [9] . However, some authors have suggested that the body schema may also be affected [10] [11] [12] [13] [14] as a result of dysfunction of the parietal cortex (PC) in general and the right superior parietal lobule in particular [13, [15] [16] . The latter structure was found to be crucial for establishing a coherent body schema [17] . However, the development of a coherent representation of the body requires the prior integration and synthesis of visual, tactile, vestibular and proprioceptive information. Even though the exact interpretations differ, several researchers have evidenced a disturbance of multisensory integration in AN [18] [19] [20] [21] [22] [23] [24] . For instance, Case et al. [23] used a sizeweight illusion (SWI) paradigm to demonstrate the presence of impaired visuoproprioceptive integration in AN. A SWI arises when two objects of equal weight but different sizes are weighed [25] , with participants consistently under-estimating the weight of the larger of the two objects. Even though several explanatory hypothesis exist, it is generally assumed that the SWI is due to a conflict when integrating visual information (in everyday life, large objects are usually heavier than small objects) and tactile perceptions (the two objects have the same weight). Hence, Case et al. [23] found that the SWI was less intense in AN and suggested that the patients could be less sensitive to visual information and more sensitive to proprioceptive inputs. Indeed, as demonstrated by Keizer et al. [22] , preferential weighting of proprioceptive information and overestimation of the tactile body image would disturb the body schema. Moreover, according to Pollatos and colleagues [21] , patients with AN may present low interoceptive awareness. This altered perception of the body interoceptive signals may also be involved in the development of an altered body schema. However, AN patients experience the rubber hand illusion (RHI) more strongly than healthy controls do [24] . In the RHI [26] , participants view a fake hand being stroked with a paintbrush. At the same time, the experimenter applies identical brushstrokes to the participant's own hand, which is out of the participant's view. If these items of visual and tactile information are applied synchronously and if the fake hand's visual appearance and position are similar to those of the participant's own hand, then some people may feel that the stimuli are coming from the dummy hand and even that the latter is, in some way, part of their own body. This phenomenon requires multisensory integration and the dominance of visual information on hand location over proprioceptive information. Although the AN patients' greater sensitivity to visual information in this task somewhat contradicts their greater sensitivity to proprioceptive information in the SWI paradigm found by Case et al. [23] , these results generally suggest that multisensory integration in AN is different from healthy subjects. The latter may be related to overestimation of the body schema.
Spatial cognition corresponds to understanding and conceptualizing visual representations and spatial relationships in learning and performing a task. Research evidence suggests that the parietal lobes are extensively involved in spatial analysis, including the analysis of location and spatial relationships. Even though the PC is viewed as the main locus of the body schema, this structure is involved in many other features requiring multisensory integration [27] . For instance, the PC is thought to sustain the emergence of a supramodal reference frame involved in spatial orientation constancy [28, 29] . Spatial orientation constancy is defined as the central nervous system's capability to maintain the sense of gravitational, vertical orientation (i.e. the sense of verticality) despite inclination of the body (i.e. the egocentric reference frame) and/or the visual reference frame [30] . Hence, when we tilt our body, our perception of the world remains the same. Indeed, the integration of tactile, proprioceptive, visual and vestibular information is required for the development of an allocentric reference frame that enables spatial orientation constancy [31] [32] [33] . The adjustment of a bar to match the subjective vertical (SV) is a frequently used, simple and effective method of measuring spatial orientation constancy [34] .
In fact, spatial orientation constancy is far from constant in healthy subjects under some circumstances. In the dark, head and/or body tilts cause slight but systematic deviations of the SV [30, [32] [33] . Whereas A-effects (deviations of the SV towards the head's axis) are observed in vision and with large tilts, E-effects (deviations of the SV away from the head's axis) are usually seen with tactile adjustments [31, 32, 35, 36] . It must be noticed that if the E-effect is typically observed in tactile modality in healthy subjects, some researchers have found either a slight A-effect [37] , or no significant effect [29] of head tilt. Funk and colleagues [29] recently investigated the effect of passive lateral inclination of the head on the visual SV, the tactile SV and the tactile horizontal in (i) neglect patients, (ii) control patients with left-or right-sided brain damage but not neglect and (iii) healthy controls. Neglect patients consistently displayed an A-effect in both the visual and tactile modalities. This might have been caused by abnormal attraction of the SV by the idiotropic vector [38] , on the basis of the head's actual orientation [29] . Greater weighting towards the head's egocentric reference frame could be interpreted as the consequence of impaired processing of vestibular information in neglect patients. Given the parallels between neglect subjects and anorexia patients reported in the literature [13, 39] , we performed a preliminary study of tactile SV perception in AN and healthy controls [37] by investigating the effect of passive lateral whole body inclination on the tactile SV. For body-tilted conditions, we observed an increased A-effect in AN patients. This effect was similar to that found by Funk and colleagues [29] in neglect patients and might be due to higher weighting of the egocentric frame of reference. However, in order to perceive the SV, the participant must first compute an angle between the rod line and the body Z-axis (i.e. the head-to-foot axis) according to the perceived body orientation [40] . In this sense, the perception of SV is not a direct measure of the involvement of the egocentric reference frame. A measure of the participant's perception of the body axis in space is probably a more direct index of the body schema. Moreover, our previous study only explored the tactile SV and the data obtained could resulted from a specific tactile impairment in AN, as has been showed by several authors. For instance, Grunwald et al. [16] asked participants had to manually adjust a bar (in the absence of visual feedback) into a parallel position, relative to a reference bar sensed by the other hand. The patients with AN had trouble copying the angles via haptic perception. In a previous study, Grunwald et al. [10] assessed a tactile exploration task that consisted in palpating the structure of different reliefs with the eyes closed. Next, the participant had to reproduce each structure on a piece of paper. The quality of the reproductions made by AN patients was notably worse than that observed in control subjects. Reproduction quality was still impaired after weight gain. Tchanturia et al. [41] found that patients with AN had impairment performance in the haptic illusion task, during which the subject has to use tactile information to discriminate between objects of different sizes and textures. In view of these deficits in tactile/haptic modalities, we considered that it was essential to determine whether the effect that we had found previously (i.e. a greater A-effect in a tactile modality) was also present in a visual modality.
Hence, in the present study, we used two different modalities to evaluate spatial orientation constancy and the perception of body posture in AN patients. We investigated the effect of passive lateral body inclination on (i) the visual and tactile SV and (ii) perception of body Z-axis in AN patients and healthy controls. Subjects performed visual-and tactile-spatial judgments of these orientations in an upright position and with lateral whole-body tilt (90u clockwise or counterclockwise from the vertical). Given the PC's involvement in multisensory integration and spatial orientation constancy, we expected to find disturbances of spatial orientation constancy in AN patients with, notably, greater A-effects for the SV in both visual and tactile modalities. We added two additional tasks, in order to check that the AN patients' ability to achieve tactile and visual discrimination was intact.
Methods

Ethics statement
This study was approved by an institutional review board (Comité de Protection des Personnes Nord Ouest IV; study number 2007-A01413-50). The study complied with the tenets of the Declaration of Helsinki. Each participant received a study information sheet and provided her prior, written, informed consent to participation. For participants under the age of 18, parental consent was also required.
Participants
The present study included 50 young female adults: 25 AN patients and 25 healthy controls matched for age and educational level. All AN patients were recruited from an eating disorder clinic. The clinical evaluation of the participants by the psychiatrist did not reveal any perceptual, attentional or intellectual impairment. The AN patients met the DSM IV-TR criteria for the condition [1] . Patients with the following comorbidities were excluded from the study: bulimia, anxiety disorders, mood disorders, psychotic disorders and substance abuse. All AN patients belonged to the restrictive subtype of AN. The mean duration of illness was equal to 4.57 years (SD = 6.52 yrs; MinMax = 1-28,5 yrs; Median = 2.67 yrs).
Healthy controls were recruited from a college and university population. The Mini-International Neuropsychiatric Interview (conducted by a psychiatrist) confirmed the absence of comorbidities in both groups, according to the DSM IV criteria [42] . All controls had a healthy body mass index (BMI: weight/height 2 ; mean = 21.53; SD = 1.8; median = 21.35; range: 18.55-24.56 kg/ m 2 ). We chose not to recruit male participants for the present study, given their low number and high rate of psychiatric comorbidities in the AN population. Participants with a history of neurological or vestibular problems or those taking psychotropic medication at the time of the study were also excluded. 
Materials and procedure
Morphological and clinical parameters. The experimenter's assessment of height and weight was standardized. Analysis of handedness was performed using the Edinburgh Inventory [43] . Body dissatisfaction and concerns about weight and shape were assessed in both control and AN groups with the Eating Disorder inventory-2 (EDI-2). The EDI-2 scores 11 psychological features commonly associated with eating disorders [44] . The total EDI-2 score and the ''interoceptive awareness'' subscore were used in the present study.
Discrimination tests. The discrimination tests were used to check the efficiency of the visual and tactile modalities in other tasks than spatial orientation tasks. Two experimental conditions were tested.
Under the tactile condition, the participant was blindfolded with a mask. The stimuli consisted of 10 cubes (with a side length ranging from 1 cm to 10 cm) that the participant could manipulate freely. Each trial consisted of the presentation of two stimuli consecutively: a standard stimulus (the 5 cm cube) and a variable stimulus (one of the cubes with a side length of between 1 cm and 10 cm). At each trial, the participant had to explore the each shape of the two presented cubes with both hands and had to judge whether the variable stimulus was smaller than the standard stimulus, equal in size to the standard stimulus or greater than the standard stimulus. Each response was made verbally and noted by the experimenter on a record sheet. In accordance with the constant stimulus method, each variable stimulus was presented three times in random order.
Under the visual condition, the stimuli consisted of 10 different squares with a side length ranging from 1 cm to 10 cm. At each trial, the standard square (side length: 5 cm) and the variable stimulus were presented consecutively on a 14-inch computer monitor (interstimulus duration: 500 ms). In accordance with the constant stimulus method, each pair of stimuli was presented three times in random order using E-prime software (Psychology Software Tools, Sharpsburg, PA, USA). The participant was instructed to judge whether each variable stimulus was smaller than the standard stimulus, equal in size to the standard stimulus or greater than the standard stimulus by pressing the corresponding key on a keyboard. There was no limit on the participant's response time. We recorded the number of incorrect judgments under each condition.
Spatial orientation tests. Body Z-axis and SV tasks were studied under tactile and visual conditions. Under the tactile condition, the material consisted of a rod (length: 20 cm) pivoting around an axis on a circular metal plate (diameter: 30 cm). The rod was connected to a potentiometer which measured the angle (in degrees) from the gravitational vertical with a sensitivity of 61%. Three postural conditions were tested: sitting upright (0u), body roll-tilted to the left (290u) and body roll-tilted to the right (+90u). During body roll-tilted tasks, the participant lay on her side. In the SV task, the blindfolded participant was instructed to manually adjust the rod to the gravitational vertical (0u) with either the right or the left hand. The task was performed under each of the three postural conditions (tilt: 0u, 290u or +90u). Six trials were performed for each of the six experimental conditions. In the body Z-axis task, the blindfolded participant was instructed to manually adjust the rod to her body midline. The rod's initial position was alternately +45u or 245u from the Z-axis. Likewise, the twelve experimental conditions were presented to the participants in pseudorandom order. For each trial, the absolute deviation from the gravitational vertical or from the body midline was noted. By convention, deviations to the participant's left (i.e. the rod turned counter-clockwise from 0u) were counted as negative and deviations to the right (i.e. clockwise rotations) were counted as positive. In order to determine the value of the tactile SV and body Z-axis under each postural condition, we computed the mean error (in degrees) over the six trials. In order to compare the precision of the adjustment in the two groups, the individual standard deviation (SD) was also computed over the six trials and under each experimental condition.
For the visual modality, the material was composed of a tunnel (60 cm long) within a metal and plastic frame, the height of which could be adjusted to suit the seated participant. At the bottom of this device was a rotatable metal disc (diameter: 44 cm) bearing a binocularly viewed phosphorescent line (23 cm 61 cm; visual angle: 21.70u). The back of the disc was graduated in degrees and the display's sensitivity threshold was 60.5u. The participant had to hold her head against the aperture of the tunnel at four points (both temples, the chin and the top of the head) when sitting upright (0u) and at three points (one temple, the chin and the top head) when body-roll-tilted to the left (290u) or to the right (+90u). During the experiment, only the phosphorescent line was visible. As for the tactile task, the same three postural conditions were tested: sitting upright (0u), body-roll-tilted to the left (290u) and body-roll-tilted to the right (+90u). Six trials were performed under each condition. Again, two tasks were tested. In the SV task, the participant was instructed to manually adjust the phosphorescent line to the gravitational vertical (0u) with either the right or the left hand but in the absence of other visual information. The phosphorescent line's initial position was alternately +45u and 245u from the vertical. In the body Z-axis task, the participant was instructed to manually adjust the phosphorescent line to the body midline. The phosphorescent line's initial position was alternately +45u and 245u from the Z-axis. The twelve experimental conditions were presented to the participants in pseudorandom order. For each trial, the algebraic deviation from the gravitational vertical or the body midline was noted. By convention, deviations to the participant's left (i.e. the phosphorescent line turned counter-clockwise from the Z-axis) were counted as negative and deviations to the right (i.e. clockwise rotations) were counted as positive. In order to determine the value of the visual SV and body Z-axis under each postural condition, the mean error (in degrees) over the six trials was computed. In order to compare the precision of the adjustment in the two groups, the individual SD was also computed over the six trials under each experimental condition.
Statistical analysis
All analyses were performed with Statistica software (version 7.1, Statsoft Inc., Tulsa, OK, USA). Demographic and clinical data with non-normal distributions and non-homogenous intergroup variances were studied with non-parametric MannWhitney and Spearman tests. In spatial orientation tests, the respective influences of group, body orientation and hand used were studied in an analysis of variance (ANOVA). An analysis of covariance (ANCOVA) was used to explore the influence of physiological and psychological measures on spatial tasks. The validity of the tests' conditions of application (i.e. normality and homogeneity of variances) had been demonstrated previously.
Results
Participants' characteristics
Demographic and clinical data are reported in Table 1 . As expected (in view of the matching criteria), there were no significant differences between the two groups in terms of age (mean AN 
Behavioural data
Discrimination tests. Under the tactile condition, there was no significant difference in discrimination between the groups (U = 299, Z = 20.489, p = 0.624), which showed similar error rates (median AN : 3 vs. median C : 3). This was also true for the visual modality (median AN : 3 vs. median C : 2.5; U = 170.5, Z = 20.278, p = 0.781). Hence, performance levels for visual and tactile discrimination of simple shapes (squares of different sizes for the visual condition and cubes of different sizes for the tactile condition) were not different in the two groups.
Effects of body orientation on spatial orientation judgments. The results of the tactile SV task are summarized in Table 2 and Figure 1 . An ANOVA of the mean algebraic errors was performed, with repeated measures on both body orientation and hand and with group as a categorical predictor. The analysis revealed a significant effect of body orientation (F (2,92) = 53.554, p,0.001). When compared with the upright position (mean 0u 6SD = 1.473u62.236), the SV in tilted positions deviated towards the body Z-axis (mean 290u = 28.306u68.81 and mean +90u = 8.012u 69.366). This analysis revealed also a significant effect of group (F (1,46) = 4.429, p = 0.041), with a large A-effect and a greater deviation towards the body Z-axis in the AN group. The interaction between group and body orientation was also statistically significant (F (2,92) = 18.056, p,0.001). In the upright position, the difference between the two groups' respective performances was not significant (F 0u(1,46) = 2.397, p = 0.128). In contrast, the deviations of the SV towards the body Z-axis (in both leftand right-tilted positions) were significantly more pronounced in AN patients (F 290u(1,46) = 9.11, P = 0.004 and F +90u(1,46) = 25.43, p,0.001, respectively). The analysis did not reveal any other significant factors or interactions. Moreover, a similar ANOVA performed on the intraindividual precision of the adjustments (the individual SD) revealed neither a significant effect of group nor an interaction between group and the other factors (all p .0.1).
The results of the tactile subjective body Z-axis task are summarized in Table 2 and Figure 1 . The ANOVA with repeated measures on both body orientation and hand (with group as a categorical predictor) again revealed a significant effect of body orientation: F (2,92) = 99.413, p,0.001. When compared with the upright position (mean 0u = 1.537u62.928), the body Z-axis judgments were overestimated under tilted conditions (mean 290u = 214.077u610.576 and mean +90u = 14.345u610.591). The interaction between group and body orientation was also statistically significant (F (2,92) = 15.815, p,0.001). The difference between the groups' respective performances was not significant in the vertical posture (F 0u(1,46) = 2.397, p = 0.128). In contrast, the deviations of the body Z-axis adjustments in tilted posture were more pronounced in AN patients (F 290u(1,46) = 8.285, p = 0.006 and F +90u(1,46) = 20.351, p,0.001, respectively). The analysis did not reveal any other significant factors or interactions.
The results of the visual SV task are summarized in Table 3 and Figure 2 . The ANOVA with repeated measures on both body orientation and hand (with group as a categorical predictor) again revealed a significant effect of body orientation: F (2,92) = 118.098, p,0.001. When compared with the upright position (mean 0u = 20.168u60.745), the SV in tilted positions deviated towards the body axis (mean 290u = 27.023u66.601 and mean +90u = 6.86u66.835). The interaction between group and body orientation was also statistically significant (F (2,92) = 9.906, p,0.001). In the upright position, the difference between the groups' respective performances was not significant (F 0u(1,46) = 1.276, p = 0.264). In contrast, the deviations of the SV towards the body axis in both left-and right-tilted positions were significantly more pronounced in AN patients (F 290u(1,46) = 3.842, p = 0.098 and F +90u(1,46) = 14.787, p,0.001, respectively). Lastly, the interaction between handedness and body orientation was also statistically significant (F (2,92) = 8.05, p,0.001). In contrast to the vertical posture, an univariate analysis showed an effect of hand when the body was tilted (F 0u(1,46) = 2.606, p = 0.113; F 290u(1,46) = 6 .577, p = 0.014; F +90u(1,46) = 6.813, p = 0.012). When compared with the upright position (right hand: mean 0u = 20.108u60.701; left hand: mean 0u = 20.232u61.099), performance was worse with the hand that was contralateral to the tilt, regardless of whether the body was tilted to the left (right hand: mean 290u = 27.173u68.08; left hand: mean 290u = 27.179u66.226) or the right (right hand: mean +90u = 7.444u67.822; left hand: mean +90u = 6.601u66.889). No other significant factors or interactions (notably between handedness, group and body orientation) were found.
The results of the visual subjective body Z-axis task are summarized in Table 3 and Figure 2 . The ANOVA with repeated measures on both body orientation and hand (with group as a categorical predictor) again revealed a significant effect of body orientation (F (2,92) = 85.902, p,0.001). When compared with the upright position (mean 0u 6SD = 20.122u60.923), the body Z-axis was overestimated in the tilted positions (mean 290u = 211.085u 66.923 and mean +90u = 9.158u69.164). The interaction between group and body orientation was also statistically significant (F (2,92) = 22.672, p,0.001). In the upright position, the difference between the groups' performances was not significant [F 0u (1,46) = 1.276, P = 0.264]. In contrast, the deviations of the body Z-axis in both left-and right-tilted positions were significantly more pronounced in AN patients (F 290u(1,46) Lastly, no interactions between handedness, group and body orientation were found (n.s., p.0.1).
Effect of the perceptive modality on judgments of spatial orientation. An ANOVA on the mean algebraic errors was performed, with repeated measures on both perceptive modality and hand and with group as a categorical predictor. The analysis revealed a significant effect of group (F (5,42) = 7.799, p,0.001) and perceptive modality (F (5,42) = 12.849, p,0.001). The mean algebraic errors in degrees for the SV and subjective body Z-axis judgments were more pronounced in the AN group and in the tactile modality (see Tables 2 and 3 ). However, the interactions between group and perceptive modality, between hand and perceptive modality and between hand, perceptive modality and group were not statistically significant (n.s., p.0.25).
Correlations with bodyweight and eating habits
To evaluate the effect of nutritional status (bodyweight) and eating disorders (the overall EDI-2 score and its ''interoceptive awareness'' subscore) on spatial cognition, correlation analyses of the study population as a whole and the AN group in particular were performed using Spearman's coefficient (r). The results are summarized in Table 4 . Firstly, we found a significant, negative correlation between weight and spatial orientation judgments (SV or body midline) in both sensory modalities (visual and tactile) but only when the body was tilted. For tactile conditions, the analysis revealed a significant, negative correlation (i) between weight and tactile SV perception in the right-tilted position (r = 20.573, t 48 In terms of eating habits, we observed significant, positive correlations between the EDI-2 score (the overall score and the ''interoceptive awareness'' subscore) and spatial orientation judgments (SV or subjective body Z-axis) for the study population as a whole and in both sensory modalities. The correlations were Table 3 . Deviation of visual subjective vertical and body Zaxis under the three different body orientation conditions in AN patients and healthy controls. An ANCOVA was used to identify which of the individual parameters (body mass index, overall EDI-2 score, ''interoceptive awareness'' EDI-2 subscore and group) played a dominant role on the spatial orientation judgments (SV or body midline) in both sensory modalities (visual and tactile). The results are summarized in Table 5 
Discussion
The aim of the present study was to investigate spatial cognition in AN, as evidenced by spatial orientation constancy and perception of the SV and body posture in two different sensory modalities. Spatial cognition was analyzed in patients with AN and healthy control participant by using tasks involving the manual adjustment of a rod to the vertical or the body midline when the body was upright and when it was tilted. In order to establish whether AN patients have direction-specific impairments in tactile-spatial and visual-spatial orientation, we applied tasks involving the integration of visual, vestibular and proprioceptive information [29, [31] [32] [33] . Furthermore, we looked at whether impaired performance in axis orientation tasks was modulated by the use of an egocentric reference frame vs. an allocentric reference frame.
Control tasks
First, study participants performed control tasks, in order to confirm the absence of impairments in unimodal perception. Our results showed that the AN and control groups had similar performance levels when discriminating between simple-shaped objects (Experiment 1 & 2) in both visual and tactile modalities. With respect to tactile exploration, our results contrast to some extent with those in the literature research [10, 41] because we did not observe the impairment of tactile exploration in AN patients. This divergence may be due to a difference in the complexity of the respective tasks. In Grunwald et al. 's experiment [10] , the tactile exploration tasks consisted of sequentially palpating the structure of six sunken reliefs with both hands and the eyes closed. After each palpation, the structure had to be copied on a piece of paper. The quality of reproduction of complex stimuli was notably lower for AN patients than for healthy controls, regardless of the weight gain. In the haptic illusion task developed by Tchanturia et al. [41] , participants are asked to judge the relative size of wooden balls rolled into each hand whilst their eyes were closed. After a habituation phase involving two balls of different sizes (15 trials), two same-sized balls are presented. Anorexic patients experienced a greater number of perceptual illusions (i.e. same-sized balls were perceived as being of different sizes) than control participants did [45] . However, this experimental task does not distinguish between impaired tactile exploration (i.e. a decrease in the ability to discriminate the objects' size) and impaired set-shifting ability (i.e. a decrease of the cognitive flexibility) [20, 41, 45] . Hence, these literature results do not necessarily suggest that tactile size discrimination is impaired in AN. With regard to visual discrimination, we found that AN patients and healthy controls had similar performance levels. The present results confirm previous work in which the visual modality was found not to be affected in AN [7] and suggest that unimodal visual or tactile perception is not impaired in this disease -at least in terms of the discrimination of simple shapes.
The subjective vertical
In both groups, the tactile and visual SV measured in the upright position was very close to the gravitational vertical. However, tilting the body led to significant deviations of the tactile and visual SV. In contrast to the E-effect found in previous studies when the SV was estimated with tactile adjustments only [31, 32, 35, 36] , we observed a small but statistically significant Aeffect in the control group. This could be due to methodological factors, such as a gender effect [34] . It is noteworthy that only young women participated in our experiment; this contrasts with previous studies, in which most of the participants were male. Other methodological factors (such as the length of the adjustable bar or the use of a tilted chair vs. the body lying on a tilted surface) may also be involved in this difference.
As reported previously [37] , our results indicate that the A-effect yielded by a body tilt was abnormally high in the AN patients, whereas no difference between the AN and control groups was observed when the participants were in an upright position. Furthermore, the impairment in spatial orientation was observed in both tactile and visual modalities. Moreover, the AN patients' impairment was not due to less precise adjustments, since there was no significant intergroup difference in the individual SD (i.e. the intra-individual variability of adjustment). Thus, our results suggest a shift in the distribution of the AN population's A-effect (i.e. a specific source of bias) and thus the presence of a supramodal impairment in spatial orientation constancy in AN. Our results reinforce the hypothesis whereby the PC has a key role in AN [10, 11, 13, 39] . Indeed, Pérennou et al. [46] recently showed that the most marked visual and tactile tilts in the frontal plane were associated with right parietal lesions, suggesting that an internal model of verticality is elaborated in the right PC. Reports of multimodal neurons [47, 48] and 'axis-orientation-selective' [49] neurons in the PC further suggest that the PC is the anatomical substrate of a supramodal spatial reference frame [29] . According to Funk et al. [29] , the PC ''has been shown to receive visual signals and eye-position signals, as well as efference copies of motor signals, vestibular signals and neck proprioceptive signals to account for head orientation and head movements in space. Damage to the right posterior PC might therefore lead to a systematic error in the integration of information -as for example somatosensory (head-position) and graviceptive (vestibular) inputin neglect patients''. In AN, dysfunction of this type of network would disturb the representation of space. We have previously suggested that the A-effect may mean that the tilted individual can only access a subjective gravitational frame of reference (biased towards the direction of the body's orientation in space), rather than an objective frame of reference [32] . Thus, the abnormally elevated A-effect in anorexics could be interpreted as greater dependence on the egocentric frame of reference as a result of failure to accurately integrate gravitational cues (such as vestibular information) in the PC [37] . To investigate this hypothesis, we therefore asked participants to adjust a phosphorescent line to the body midline under a visual condition and to adjust a rod to the body midline under a tactile condition. Since this task would involve the egocentric frame of reference more directly, we expected the AN patients to be able to judge their Z-axis position in space with greater accuracy (relative to their performance in the SV task).
The body Z-axis task
In fact, our results disproved the above-mentioned hypothesis. Tactile and visual body Z-axis judgments in the upright position were similar in the two groups. However, tilting led to significant deviations of the tactile and visual body Z-axis, with participants judging that the body was more tilted than it really was. In the control and AN groups, this result was in line with previous data showing that when tilted participants were asked to adjust a visual rod parallel to their body axis in a dark environment, a deviation of the rod towards the direction of tilt was observed [50, 51] . In the AN group, we observed a more pronounced bias toward the tilt. This pattern of results in AN patients cannot be explained by higher weighting with respect to the egocentric frame of reference (also referred to as ''the idiotropic vector'') [38] . A second influential model of the perception of space suggests that judgements could reflect gravitational inflow, such as changes in vestibular, kinaesthetic and somesthetic inputs [30, 52] . Several studies have shown that somatosensory information is involved in the A-effect [52, 53] . Likewise, a patient with hemiparesis was found to have impaired judgment of verticality when he was leaning to the hemiparetic side [54] . Thus, the forces exerted by body mass may contribute to somatic graviception [55] .
Correlations between spatial task performance and somatosensory information
Interestingly, the present study evidenced a negative correlation between the constant errors in degrees in tactile-spatial orientation tasks and body weight for the study population as a whole. However, this was not the case in the AN group. The analysis of covariance used to distinguish the influence of weight and group showed a stronger involvement of the group effect in tactile modality. However, the weight could have a smaller effect in visual modality, particularly when the body is tilted. These results are partially consistent with several literature studies. Subjects with the highest bodyweight undergo a stronger gravitational force. Thus, they may receive more somatosensory information and be more accurate in their determination of the SV and the body Z-axis [55] . However, in a disease setting, gravitational inflow may not be strong enough to maintain a constant frame of reference. We found a negative relationship between interoceptive awareness and the A-effect; the lower the interoceptive awareness, the greater the A-effect. Impaired consideration of body signal may participate to the disruption of spatial cognition. Indeed, patients with AN suffer from a lack of interoceptive awareness and perceive bodily signals less intensely [21] . This observation prompts us to suggest that poor perception of orientation could be related to poor awareness of interoceptive signals. As recently suggested by Barra et al. [56] , the awareness of body orientation could modulate verticality representation. In addition to sensory integration, attentional processes might play also a role in the sense of verticality. This suggested that both bottom-up and top-down processes would be involved in AN. Taken as a whole, our results support the hypothesis whereby spatial cognition is impaired in AN. The disruption of spatial references may be involved in the development of a distorted dynamic sensorimotor representation of the body. In turn, this would worsen the prognosis in AN by increasing body dissatisfaction and the obsessive will to lose weight and thus maintaining restrictive eating behaviours [57] [58] [59] [60] . Nevertheless, our study had a number of limitations. Firstly, an ANOVA of the data obtained under visual judgment conditions revealed not only an effect of body orientation and an interaction between body orientation and group but also an effect of hand and an interaction between hand and body orientation. Performance was best with the hand opposite to the direction of body tilt. This may have been a hardware limitation, since pressure on the arm under the tilted body would have made the task more difficult. It would be useful to duplicate the present study using a tiltable seat. Secondly, our study did not provide direct evidence of an association between AN and parietal dysfunction. In fact, we used techniques and a conceptual framework that had been used successfully in neuroscience research with patients suffering from parietal lesions [29, 46] . Further experiments are needed, e.g. a comparison between a wider range of populations (healthy participants, AN patients and hemineglect and psychiatric patients unaffected by AN). Finally, regarding to the influence of physiological and psychological measures on spatial tasks, loss of significance in the subgroup analysis could be due to a lack of statistical power. Future studies should focus on larger cohorts.
In conclusion, our present findings evidenced impaired spatial task performance in AN; this may have been due to impaired integration of visual, tactile and gravitational information (e.g. vestibular and proprioceptive cues) in the PC. One can legitimately hypothesize that PC dysfunction disturbs the integration of the body-orientation representation needed to achieve spatial orientation constancy. Our study results also suggest that special attention should be given to neuropsychology in the diagnostic management and treatment of AN [13] . There is a need for further research on the impairments observed here; with a focus on the influence of altered spatial references on social frameworks and the implications for social cognition [61] [62] [63] . Even if conflicting results exist concerning a possible effect of AN on social cognition [64] , several studies have shown that emotional theory of mind and empathy could be altered in AN [65] [66] [67] . Our clinical experience leads us to question the ability of patients with AN to infer mental states other than their own. A better understanding of the social difficulties encountered by patients would enable the development of more appropriate cognitive remediation therapies. Spatial cognition in patients with AN may be a promising initial therapeutic target.
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